Steady-state magnetic responses to clicks presented at rates between 10 and 70 Hz have been recorded in healthy humans. The responses were highest in amplitude around 40 Hz. This amplitude enhancement is satisfactorily explained by summation of responses evoked by single clicks. The field maps suggest activation of the auditory cortex at all stimulus frequencies. Similar responses were obtained with gated noise bursts and by pauses in a series of clicks. The mean "apparent latency," determined from the phase lag at rates 30-70 Hz, was 54 ms. The physiological relevance of this quantity is shown to be questionable.
In the present work, we scrutinized the magnetic steadystate responses, evoked by continuous click stimulation, by studying their dependence on stimulus repetition rate and by mapping their topographic distribution.
I. METHODS

A. Subjects and experimental situation
Ten healthy adults (four females, six males) with no histories of hearing disorders were studied in the magnetically shielded' room of the Helsinki University of Technology. During the experiment, the subject was lying on a bed with his head supported by a vacuum cast.
The stimuli were 0.5-ms clicks led to a TDH-49 earphone, situated outside' the shielded room. The earphone was connected with a 3.3-m plastic tube (i.d. 15 mm) to a nonmagnetic earpiece inside the room. The sound pressure was measured with a Briiel and Kjaer ear simulator (B&K 4157), including a microphone (B&K 4134) and a preamplifier (B&K 2639), with an adaptor (DP 0530) connected to the earphone. Third-octave analysis was made using an HP 3561A dynamic signal analyzer, which employs synthesized filters (passband 12-20000 Hz) meeting the ANSI standards for bandwidth and filter shape. The analyzer was calibrated according to the sound-pressure level (SPL). The intensity of the clicks was 70-dB SPL rms when measured from the stimulation at 40 Hz; the approximate hearing threshold, determined for two subjects, was 32-35 dB SPL.
The stimulus repetition rates were 10.1, 20.1, 30.1, 35.1, 37.6, 39.7, 40.1, 42.6, 45.1, 55.1, 60.1, and 70.1 Hz presented in random order; all frequencies were not tested on every subject. Repeated measurements were made at some frequencies. Except for a few control experiments, subjects were instructed to ignore the stimuli and read a novel.
In order to learn more about the generation mechanism of the responses, several additional experiments were made with a few subjects by using, for example, chopped broadband (0-5 kHz) noise. The frequency spectrum of the periodically gated white noise is flat, in contrast to the spectrum of the clicks presented at 40 Hz, where peaks of about equal amplitudes occur at 40 Hz and at its harmonics.
B. Recordings and data analysis
The magnetic field over the right hemisphere was measured with a seven-sensor first-order gradiometer SQUID (superconducting quantum interference device) system of 5-to 6-iT/(Hz) ]/2 intrinsic noise level (Knuutila et al., 1987) . The pickup coils, separated by 36.5 mm, formed a hexagonal array on a spherical surface (radius 125 mm), 18-20 mm above the scalp. The orientations of the coil axes were close to the normal of the head. The exact location and orientation of the sensor array, with respect to the head, was determined by measuring the magnetic field produced by a set of small coils fixed to known locations on the scalp.
The bandpass-filtered signals (3-dB points at 0.05 and 100 Hz, roll-off for the high-pass filter 35 dB/decade, and over 80 dB/decade for the low-pass filter) were digitized at 2 kHz. The analysis period was two cycles, and about 1000 artifact-free responses were averaged on-line. In all experiments, the vertical electrooculogram was recorded, and magnetic responses coinciding with blinks or eye movements were discarded from the average. In a few experiments, a wider passband (0.05-250 Hz or 0.05-500 Hz) was used to detect details of the response waveform.
In all subjects, recordings were obtained from several locations (one position of the seven-channel instrument) at the posterior extremum of the magnetic field pattern, in two subjects also at the anterior extremum. Furthermore, responses were measured over the right hemisphere of two subjects at 35 and 49 sensor locations, respectively. Equivalent current dipoles were found using a spherically symmetric conductor model with the center of symmetry estimated on the basis of the shape of the head in the measurement area. The confidence limits for dipole locations were calculated using the noise estimates obtained from signals record- Here, r(t) is the response waveform and T = n/fo is the analysis period of n cycles atfo. Note that because A gives the amplitude of a sine wave atfo, the peak-to-peak amplitude of the steady-state response equals 2A. Below, we always refer to A when discussing response amplitudes. Assuming that q•(f) is a linear function off, the "group delay" 2•r Of is constant, independent off, and can be estimated as the slope of the regression line between cp and f. Under this assumption, •-is often called the apparent latency (Regan, 1972) . The significance of this quantity will be critically discussed in this paper. In order to keep cp(• monotonically increasing for the analysis, 2rr was added to it when needed. The phase lag increased with the stimulus repetition rate, being very similar in all subjects (Fig. 2) by Stapells et al. (1984) for the electric responses to 10-ms tone bursts. All these values are significantly longer than the delay for impulse transfer from cochlea to the auditory cortex. Because the neural events determining •-are not known, it is difficult to decide which factors in the experimental setup might explain the observed differences.
To assess this question, we made simulations by constructing a steady-state response as a sum of single responses with fixed shape (Fig. 6): The basic waveforms resemble the 10.1-Hz response in Fig. 4 . The synthetic steady-state response behaves like the measured one showing, for example, amplitude enhancement at 42 and 50 Hz, for responses R6 and R 1, respectively. The phases increase linearly as a function of the stimulus repetition rate, in agreement with the measured data. As shown in the figure, the apparent latencies of the synthetic steady-state responses vary from 38 to 51 ms depending on the waveform and they do not coincide with any peak in the response. The obtained value of •-, therefore, seems to be a complex result of the amplitude and frequency content of the response. Even in the case of linear superposition, which is a simplification for the auditory system, •-cannot be considered as reflecting the delay from periphery to the cortical area where the response is generated. The term "latency" is, therefore, misleading: different •-values mainly illustrate differences in response waveforms.
C. Steady-state responses and periodicity pitch
Spectral analysis occurring in the cochlea is considered the main basis of pitch sensations, whereas the coding of the nonspectral "periodicity pitch" is still partly unknown. The fibers in the auditory nerve reflect temporal aspects of lowfrequency stimuli, including complex tones, and the human auditory system is able to extract frequencies from the temporally coded information at frequencies below 800 Hz (Javel and Mott, 1988). Our findings with chopped noise confirm that the steady-state responses reflect temporal aspects of the stimuli because the flat spectrum does not provide any cue for the periodicity. The site of origin of the steady-state response can, however, be specific to stimulus features depending, for example, on the carrier frequency of an AM tone (Romani et al., 1982) . Periodically chopped noise bursts activate in the cat auditory cortex "locker cells," which fire timelocked to the stimuli up to repetition rates of 1 kHz (Goldstein et al., 1959; Ribaupierre et al., 1972) . The locker cells have been considered to have response characteristics appropriate for the coding of periodicity pitch.
The steady-state responses might be related to neural mechanisms involved in periodicity pitch. Our observation that click omissions evoke clear steady-state responses do not support the hypothesis that the auditory system, in extracting the periodicity pitch, "monitors high amplitude peaks in the temporal fine structure of the stimulus waveform" (for references, see Javel and Mott, 1988); rather, simply the existence of a temporal periodic structure seems necessary. In monkey, utilization of periodicity cues demands integrity of cortical areas (Symmes, 1966) : Bilateral ablation of the primary auditory cortex disables discrimination of chopped noise bursts presented at frequencies of 10 or 300 Hz. Recordings of steady-state responses with the neuromagnetic technique, which provides good spatial resolution for cortical sources, could therefore be applied to studies of human neural mechanisms involved in coding of periodicity pitch at low frequencies.
